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Abstract
A four-stage soil gas monitoring study was conducted from March 2007 to March 2010 in the western Port Campbell 
Embayment of the onshore Otway Basin, SE Australia. This study evaluated existing vadose zone soil gases over the CO2CRC 
Otway Project’s site for CO2 storage, and nearby deep natural CO2 accumulations. Carbon dioxide, methane and helium were the 
main gases analysed and much of the time CH4 concentrations were too low for accurate analysis. Carbon dioxide concentrations 
ranged from atmospheric background levels of 0.033 % up to about 10 % of the total soil gas. The δ13CCO2 values are typical for 
organic matter decomposition as the main source of the CO2 in the soil gas. Modern radiocarbon ages, determined from 
14C 
analysis, and low helium concentrations support the conclusion that CO2 in the soil gas is predominantly from modern organic 
sources. There was a relative increase in CO2 concentration measured in locations where the Port Campbell Limestone is near the 
ground surface, which implies additional CO2 has been produced from the weathering of limestone.
© 2010 Elsevier Ltd. All rights reserved
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1. Introduction
The Australian Cooperative Research Centre for Greenhouse Gas Technologies (CO2CRC) is currently carrying 
out a field-scale carbon dioxide (CO2) sequestration demonstration project in the Otway Basin, SE Australia (Fig. 
1). During stage 1 of this project CO2-rich gas (~80 mol% CO2; ~20 mol% CH4) was extracted from a gas well. The 
gas was then injected into a newly drilled well and was safely stored two kilometres below the Earth’s surface. 
Vadose zone soil gas monitoring has been proposed as one of the sentinel monitoring systems to detect leakage 
of carbon dioxide from a storage reservoir. In order to effectively monitor soil gases during and after the injection of 
CO2 into the geological subsurface, baseline characterisation of the study area took place in March 2007 and 
February 2008. The baseline study characterised background soil gas concentration and other chemical attributes, 
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and identified potential zones where leakage may occur. Potential pathways for surface leakage include the existing 
wells and the injector well. Permeable faults and fractures in the regional seal could also be a mechanism for 
leakage. The baseline characterisation allowed a differentiation of the existing CO2 from the injected CO2 when 
post-injection monitoring took place and will continue in the future.
Throughout the baseline characterization study a methodology has been developed to suit the challenges of the 
study area, field conditions and the nature of the soil gas. It is currently believed that the finalized methodology 
recommended by [1] and applied to all four soil gas surveys presented here is suitable for future soil gas assurance 
monitoring and can be broadly applied to onshore storage sites. So far two assurances monitoring surveys took place 
in February 2009 and March 2010.
2. Study area
The CO2CRC Otway Project site is located in south central Victoria (Figure 1). The approximate site for CO2
injection is latitude -38.5300 S and longitude 142.8100 E. Industrial and agricultural activities in the field area 
include irrigation for cattle grazing, milking, and CO2 production from the Boggy Creek natural CO2 accumulation.
The field area for the soil gas study is an approximately 4 km x 3 km area (11 km2). The injection well CRC 1 is 
located in the central south of the field area. The surveyed area deliberately extends to the north to include land over 
the Buttress and Boggy Creek natural CO2
accumulations and associated near surface faults. 
Geologically, the study area occurs in the western 
Port Campbell Embayment, an embayment of the 
onshore Otway Basin. The north of this region has 
experienced moderate volcanism during the 
Pleistocene to Recent. Degassing of magmas from this 
event has resulted in major CO2 accumulations 
occurring, at depth, throughout the Port Campbell 
Embayment. Based on a risk assessment [2] leakage 
of CO2 from these natural accumulations is thought to 
be unlikely in the study area.
Figure 1: Location of the CO2CRC Otway Project, Southern 
Victoria, Australia. The study area for the soil gas sampling is 
indicated by the gray region (PPL 11 and PPL 13).
2.1 Near surface geology
Five geological units occur in the study area: the Port Campbell Limestone, the Hanson Plain Sand (Pliocene), 
coastal dune deposits (Pleistocene to Recent), swamp estuarine (Pleistocene to Recent) and alluvium (Recent). The 
Port Campbell Limestone is well-bedded and defined by calcareous concretions. The formation was deposited in a 
moderate energy continental shelf environment. The formation typically outcrops in the north eastern parts of the 
study area, where the Curdie Inlet has eroded much of the Hanson Plain Sand. The Hanson Plain Sand is strongly 
ferruginous, weakly-bedded to massive. The unit disconformably overlies the Port Campbell Limestone. It is an 
alluvial outwash plain deposit, tending towards shallow marine. Typically this unit is < 10 m in thickness and occurs 
throughout most of the study area. The coastal dune unit was deposited parallel to the coast and current dune 
systems. The unit occurs as two discrete dunes in the south west parts of the study area. The Swamp/Estuarine 
deposits are typically greater than 10 m thick. They occur in and along the banks of the Curdie Inlet, south of 
Curdievale, in the study area. Alluvium deposits occur in and along the banks of the Curdie Inlet, north of 
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3. Methodology
3.1. Soil gas sampling
A direct push soil gas sampling methodology was adopted for the study, as it minimised the risk of atmospheric 
contamination, had minor impact on the soil environment and had a fast, effective soil gas recovery rate [4]. A Post 
Run Tubing System (PRT) was used to access the soil vadose zone and acquire a sample. O-ring connections 
ensured that the PRT system had a vacuum-tight seal.
The PRT probes are pushed approximately one metre into the soil and then jacked up approximately 0.2 m, 
leaving a 0.2 m, 1 inch diameter void which the gas can fill. During the jacking, the PRT retractable drive point falls 
~5 cm down the hole, at which point it catches onto the end of the drive point holder, allowing soil gas to enter the 
probe. A 1.5 m length of polytubing with the PRT adaptor attached to the end is inserted down the inside of the 
probe and screwed into the retractable drive point holder at the base of the rod. Approximately 150 ml or three times 
the volume of the polytube, is purged from the system via a syringe, to remove any atmospheric contaminants. The 
system is then sealed. Each probe is left in place for one hour prior to gas sampling. This allows re-equilibration in 
the vadose zone environment post disturbance caused by the rod insertion [4]. After sampling, the rods are jacked 
out and cleaned before commencing to the next hole. A maximum of half a litre of gas is sampled at each sample 
point. Along with a sample being taken at each point, the soil type, surface geology and other influencing conditions 
were recorded. 
3.2. Sample point selection
Each survey sampling targeted the same points including vertically above the predicted CO2 plume migration 
path within the injected (Waarre C) reservoir, points near each petroleum well and vertically above known natural 
CO2 and hydrocarbon accumulations in the study area. Roadsides and government owned l and was preferentially 
sampled for ease of access, however, privately owned land was accessed for many of the sample points. Particular 
areas were inaccessible during different sample surveys due to lack of landowner permissions. Figure 2 shows the 
sample point distribution for the four soil gas sampling surveys conducted between 2007 and 2010.
3.3. Soil gas geochemical analysis
Molecular compositional analysis for CO2 and CH4 was performed at the end of each day on site. Advanced gas 
analysis was typically performed on a subset of samples at the end of each soil gas survey. These analyses included 
helium concentration, δ13CCO2 and sulphur hexafluoride (SF6) compositional analysis. Details on the analytical 
techniques are given in [1].
4. Results
4.1. Soil gas composition
Molecular composition analysis was performed successfully on 745 samples. Numerous analyses were repeated 
for accuracy, two to three analyses were run on sample point duplicates (i.e. second sample at same location) and 
standards and blanks were run after every fifth to tenth sample. All samples analysed had sufficient concentrations 
of CO2 to gain accurate analytical data. CH4 concentrations were commonly below the detection limit of the GC and 
were not analysed. Table 1 has details on the gas 
concentration averages, ranges and other statistical 
data for each of the surveys reported here.
Table 1: Various statistics for the dataset on CO2 gas 
concentration (ppm) molecular compositional analysis. 
*Number of successful samples.
Statistic Mar-07 Feb-08 Feb-09 Mar-10
Number * 210 146 230 159
Mean 6876 6616 4970 5578
StDev ±6977 ±8328 ±13327 ±11025
Max 42982 53450 101531 87241
Min 371 292 289 200
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Figures 2a-d show the areal distribution of CO2 for the four surveys. The CO2 concentration in the soil gas is 
generally higher in the north-east region of the study area. Here CO2 levels are an order of magnitude greater than 
the average for the area. CO2 levels greater than one standard deviation above the mean are occasionally associated 
with the petroleum wells of the region. CH4 concentrations were also considered in this study. Typically the CH4
concentrations are at the lower limit of detectability for the gas chromatograph. As such it is believed that CH4
baseline evaluation is not possible. It appears that there is no correlation over the studied area.
Figure 2: Variation in CO2 soil gas concentrations across the study area for the four surveys presented here: (A) 
March 2007, (B) February 2008, (C) February 2009, and (D) March 2010.
4.2. Soil gas isotopic characterisation
The δ13CCO2 isotopic analysis was performed on a subset of samples to attempt to characterise the source of the 
CO2 in the soil gas. The sample subset was selected after molecular composition analysis so that a range of gas 
compositions could be analysed as well as being representative of the whole study area. These samples were 
compared to the δ13CCO2 values for natural gas compositions in Otway. Isotopic analytical results are given in 
Figures 3a-d. The δ13CCO2 isotope values range from -26.2 to -7.27 ‰.
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4.3. Further analysis
4.3.1. Helium analysis
Helium (He) analysis of a subset of samples was performed to further investigate possible CO2 sources. Helium 
is recognised as having a high concentration in magmatic sources typical for this area [6]. The results of the helium 
compositional analysis show (Figure 3) that the helium concentration was not high enough to indicate a magmatic 
source for the gas. Helium concentrations range from 2.70 to 103 ppm with some additional sample points having 
helium concentration below the detection limit.
Two clear concentration fi elds for helium occur for surveys 2007 to 2009 and have been marked in Figures 3. 
Nevertheless, the field with higher helium concentration (Group 2) is far less than values typical for helium 
concentration of a magmatic source [6].
4.3.2. 14Carbon age dating
A subset of samples for 14Carbon isotopic analysis was selected from the 2007 survey, but numbers were limited 
due to the very high cost of this form of analysis. Six samples were selected to best represent the geochemical 
variability and distribution across the study area. Results are given in Table 2.
Table 2: March 2007 survey subset for 14C analysis
4.3.3. Tracer (SF6) analysis
To enable identification of the unlikely event of 
leakage, the CO2 detected during the soil gas 
surveys can be distinguished from that which was 
injected by analysing for the tracers injected along
with the CO2 at the start of injection in April 2008. 
To collect baseline data on one particular tracer 
(SF6) used during the CO2 injection at CRC -1, a 
subset samples from the February 2008 survey was analysed (one month prior to injection) followed by analysis of 
samples from the March 2010 survey. Samples were selected to best represent the geochemical variability and 
distribution across the study area. The SF6 concentrations were below detection limit for all samples analysed and 
are therefore not considered to contain SF6.
4.4. Near Surface Geology
Near surface geology was examined at each site. The most common surface geology was the Hanson Plain Sands. 
Importantly however, at approximately one metre sample depth the geology was either the Port Campbell Limestone 
or a transition zone between the Hanson Plain Sands and the Port Campbell Limestone. This transition zone is 
typically a clay-rich mixed sand and limey soil. As the Hanson Plain Sands were not vertically extensive, the Port 
Campbell Limestone is actually interacting with the soil gas system at a higher degree than is apparent in the 
geological map of the study area. Occasionally geology at the sample site was the coastal dune deposits, which 
typically extended to greater than one metre depth and the Port Campbell Limestone not intersected. It is assumed 
that a transition zone to the limestone would occur at 1 – 3 metres depth.
5. Discussion
5.1. Effect of near surface geology
Near surface geology and associated weathering is one process that can define or modify soil gas composition. 
This process can act directly: i.e. dissolution of the Port Campbell Limestone resulting in heightened CO2 soil gas 
levels, or indirectly: i.e. heightened CO2 concentration enhancing the soil’s micro-bacterial activity, concentrating 
the CO2. Regions where the occurrence of the Port Campbell Limestone is less than one metre below surface are 
believed to have been influenced by the limestone, and to have caused the elevated CO2 concentrations as seen the 
Sample No CO2 (ppm) δ13CCO2 (‰)
Radiocarbon 
age (BP yrs) He (ppm)
487 9572 -16 55 7.83
549 21219 -18.3 210 32.4
584 14781 -21.7 Modern 10.6
613 4719 -15.8 Modern 10
666 20036 -19.2 Modern 12.4
696 12920 -13.5 Modern 8.97
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northern part of the main sampling grid (Figure 2). The sampling method used, however, cannot accurately 
determine the depth of the limestone. Therefore, correlation between limestone depth and soil gas chemistry is only 
qualitative
5.2. CO2 concentration and isotopic variation in samples
The CO2 concentration and δ
13CCO2 were plotted to help determine the source of the CO2 in the soil gas (Figure 
3). Three gas composition zones were determined in the plot and assigned to likely CO2 sources:
! Deep subsurface – high CO2 concentration, isotopically enriched in 
13C.
! Organic matter decomposition – high CO2 concentration, isotopically depleted in 
13C.
! Samples that cannot be differentiated from atmosphere – low CO2 concentration, isotopically enriched in 
13C.
Samples for all four surveys dominantly fall within the Organic Matter Decomposition region of the plot with a 
few samples occurring within or approaching the region of air background. One sample of the February 2009 survey 
occurs within the field of Deep Subsurface (Figure 3c). It is interpreted that the soil gas geochemistry of this one 
sample was altered due to preferential fractionation of the lighter 12CCO2 through a probably damaged sample bag. 
The majority of the samples fall within the Organic Matter Decomposition region of the plot. This region also 
supports CO2 sourced from weathering of limestone. However, atmospheric contamination is likely to have occurred 
for a minor portion of the samples, where the atmosphere has migrated to the sample point along the outside of the 
probe rod after emplacement.
5.3. Helium analysis
Two clear concentration fi elds for helium occur for surveys 2007 to 2009 and these have been marked in the 
fi gures above (Figures 3b-d). While the field with higher helium concentration (Group 2) is far less than typical for 
helium concentration of a magmatic source, the clear separation from the main helium concentration field (Group 1) 
needed further consideration. While each sample had moderately high concentrations of CO2, the samples had a 
large range of isotopic values, but never approaching -12‰ δ13CCO2, the value separating organic matter 
decomposition from deep subsurface.
5.4. 14Carbon
Six samples of the March 2007 survey were selected to best represent the geochemical variability and distribution 
across the study area. As can be seen in Table 2, the radiocarbon ages for the subset are very recent with the oldest 
sample having 210 yrs BP conventional radiocarbon age (see [7] for definition of terminology). CO2 from deep 
sources would be of an age much greater than can be determined using 14C. The CO2 aged from radiocarbon dating 
is therefore, dominantly, a modern surface source, such as from organic matter decomposition.
6. Conclusions
The findings of the four soil gas surveys carried out between March 2007 and March 2010 in the CO2CRC 
Otway Project area are:
! Vadose zone soil gas sampling is an effective method for studying variations in gas chemistry.
! CO2 composition and isotopic analysis paired with helium and/or tracer analysis is most effective in the 
determination of the CO2 source.
! CO2 concentrations within the soil gas are moderately high, ranging over three orders of magnitude.
! The source of CO2 in soil gas is a combination of both organic matter decomposition and weathering of the Port 
Campbell Limestone.
! Deep subsurface CO2 is not present in the soil gas samples taking during baseline and assurance monitoring 
surveys.
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These conclusions may not be valid for land owner properties in the study area that sample surveys did not gain 
access to. There is a moderate increase in CO2 concentrations in the north-east and moderate increase in the north-
west of the grid. When compared to the distribution of limestone at 1 m depth, there appears to be a correlation to an 
increased C O2 concentration. This relationship is a more likely explanation for the C O2 distribution than the 
association with fault conduits. This postulation is supported by  δ13C isotopic analyses, which indicate mostly 
organic decomposition as the source.
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